O ne of the complications that can occur after spinal arthrodesis in the treatment of spinal deformity is the development of proximal junctional kyphosis (PJK). PJK is defi ned as kyphosis at the proximal end of a construct greater than 10 ° , which can lead to progressive decompensation in the sagittal plane, neurological compromise, and worse clinical outcomes. [1] [2] [3] [4] [5] [6] It is known to occur in 10% to 40% of cases, and risk factors for its development have been described as long rigid fusion constructs, pedicle screw instrumentation techniques, integrity of the posterior soft tissue tension band, the magnitude of the correction in the sagittal plane, combined anterior/posterior spine surgery, as well as osteoporosis. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The incidence of PJK has increased with modern instrumentation techniques. 2 , 5 , 6 , 10 Coincident with this transition from primarily hook and wire constructs to all pedicle screw constructs has also been a transition in the understanding and smoking status were not signifi cantly different between groups. Fusions extending to the pelvis were 74%, 85%, and 91% of the cases in groups N, P, and S. Instrumentation type was signifi cantly different between groups N and S, with a higher number of upper instrumented vertebra hooks in group N. Radiographical parameters demonstrated a higher postoperative lumbar lordosis and a larger sagittal balance change, with surgery in those with PJK requiring revision surgery. Scoliosis Research Society postoperative pain scores were inferior in group N vs . P and S, and Oswestry Disability Index scores were similar between all groups. Conclusion. Patients with PJK requiring revision were older, had higher postoperative lumbar lordosis, and larger sagittal balance corrections than patients without PJK. Based on these data, it seems as though older patients with large corrections in their lumbar lordosis and sagittal balance were at risk for developing PJK, requiring revision surgery.
of global sagittal alignment. [12] [13] [14] [15] Specifi cally, the relationship of the spine to the pelvis on clinical outcomes has received attention because of the improved outcomes seen in patients who have their lumbar lordosis closely matched to their pelvic incidence. [12] [13] [14] [15] The poor outcomes seen in patients with iatrogenic fl atback deformities have also confi rmed the importance of the spinopelvic relationship. As a result of these developments, there has been a paradigm shift in the thinking of lumbar lordosis (LL) as an important sagittal parameter to maintain in order to achieve optimal clinical outcomes.
To our knowledge, no studies have correlated excessive LL with PJK. We aimed to elucidate the clinical consequences of sagittal balance parameters ( i.e. , LL, sagittal balance) on the incidence of PJK. We hypothesized that patients with excessive LL and sagittal balance corrections have a high incidence of PJK.
MATERIALS AND METHODS
This study was approved by the institutional review board. A prospectively collected database was reviewed from 2002 to 2008. Data collection included those cases after 2002, because it marked a time point where there was a change in surgical techniques from prior hook and hybrid constructs to predominantly pedicle screw constructs and from prior anterior and posterior combined surgery to predominantly posterior only surgery. Other inclusion criteria were age more than 18 years and fusions greater than 5 levels for a diagnosis of adult scoliosis. Patients with tumors, infections, and traumatic spine pathology were excluded from the study. We also excluded all patients undergoing revision surgery because some patients who were undergoing revision surgery for PJK would result in bias of the data and also excluded those with less than 2-year follow-up.
Demographic information collected included age, sex, body mass index, revision versus primary surgery, smoking history, and osteoporosis. Radiographical assessment included standard Cobb measurements in the coronal and sagittal plane in addition to measurements of the PJK angle at postoperative time points: 1 to 2 months, 2 years, and fi nal follow-up. PJK was defi ned as an angle greater than 10 ° . 1 In addition, radiographs were used to record the instrumentation type at the upper instrumented vertebra (UIV), measure UIV distance from the C7 plumb-line (UIV-C7PL), angle of the UIV with respect to the horizontal (UIV-H) angle, and to examine for the presence of cross-links. The UIV-C7PL was measured by using a horizontal line drawn from the posterior superior aspect of the UIV to the C7PL on the postoperative radiographs. The UIV-H angle was measured by a line extending from the superior endplate of the UIV to the horizontal line. All radiographs were obtained in standardized fashion in a manner previously described, and all measurements were performed by an experienced spine surgeon and a clinical spine fellow who individually have measured more than 1000 radiographs during their respective careers. 4 Scoliosis Research Society-30 questionnaire scores were collected from outcomes questionnaires administered to patients at all preoperative and ultimate follow-up time points. We separate the patients into 3 groups, those without PJK (N), those with PJK but not requiring revision (P), and then those with PJK requiring revision surgery (S).
Chi-square/Fisher exact test was used for the evaluation of discrete variables. Independent-samples t tests were used to analyze continuous variables, with a P value of 0.025 indicating statistical signifi cance. A Bonferroni correction was used to control for multiple hypothesis testing of the data set.
RESULTS
A total of 364 patients underwent long fusion for a diagnosis of adult idiopathic or degenerative scoliosis in the study time period; however, 238 patients remained after inclusion and exclusion criteria were met. Of these, only 206 patients had a minimum of 2-year radiographical and clinical follow-up (average: 3.5 yr). The prevalence of PJK was 34% (70/206). The average age in group N was 49.9 versus 51.3 in group P and 60.1 in group S ( P = 0.03, N vs . S). In groups N, P, and S, the diagnosis was adult degenerative scoliosis in 40%, 44%, and 75%, respectively ( P = 0.03, N vs . S) ( Table 1 ) . Sex, body mass index, and smoking status were not signifi cantly different between the groups ( Table 1 ) . Fusions extending to the pelvis were 74%, 85%, and 91% of the cases in groups N, P, and S, respectively ( P = 0.02, N vs . S) ( Table 1 ) . Patients with PJK requiring revision surgery were older than those patients without PJK ( P = 0.03) ( Table 1 ) .
Instrumentation type was signifi cantly different between groups N and S ( P < 0.01), with a higher number of UIV hook instrumentation in group N ( Table 1 ) . Radiographical parameters demonstrated a higher postoperative LL (38.7 vs . 54.4, P < 0.01) and a larger sagittal balance (SVA) change with surgery (4.1 cm vs . 8.8 cm, P = 0.02) in those with PJK requiring revision surgery ( Table 2 ). The pelvic incidence was not different between groups. Interestingly, group S had an immediate postoperative SVA of 0.8 cm, whereas those in group N and P had an immediate postoperative SVA of 4.1 cm ( Table 2 ) .
Scoliosis Research Society postoperative pain scores were inferior in group N versus P and S (4.0 vs . 3.7, 4.0 vs . 3.5; P = 0.04, P = 0.03) as well as inferior Oswestry Disability Index scores between groups N and P (22.6 vs . 29.1, P = 0.04) ( Table 3 ). Group S had higher Oswestry Disability Index scores and lower Scoliosis Research Society satisfaction and pain scores prior to their revision surgery ( Table 3 ) ( P = 0.06).
DISCUSSION
Our data suggest that excessive lordosis and larger sagittal balance corrections lead to PJK, requiring revision surgery. This is the fi rst study to distinguish patients with PJK into those with PJK present radiographically and those with PJK requiring revision surgery, while comparing these 2 cohorts to a control group without PJK. We think that this study provides valuable insight into PJK variations and risk factors for causing clinically signifi cant PJK (i.e. PJK requiring revision surgery).
The term "excessive lordosis" is diffi cult to defi ne. In group S (requiring revision surgery for PJK), our patients exhibited a LL very close to the pelvic incidence (pelvic incidence: 58.1; LL: 54.4), whereas those in group N (no PJK) had an LL signifi cantly less than the pelvic incidence (pelvic incidence: 56.4; LL: 42.1). Prior studies have been proponents for providing LL in adult deformity surgery to closely match the patients' pelvic incidence with the rule of LL = PI ± 9; our data suggest that in order to prevent PJK, the rule may be closer to LL = PI − 9. 12-15 Interestingly, Rose et al 16 tested the equation of PI + LL + TK ≤ 45 in predicting ideal sagittal balance at 2 years postoperatively in patients after a pedicle subtraction osteotomy. They found that when this equation was followed, it was 91% sensitive for achieving the ideal sagittal balance. Studies such as this delineate the importance of considering the whole spine when addressing sagittal imbalance. Defi nitive conclusions for these cannot be made from our data because we did not test these mathematic models with our data set. In addition, well-done studies providing insight into the relationship of the spinopelvic parameters fail to distinguish the signifi cance between those with an LL = PI + 9 versus those Spine www.spinejournal.com E579 with an LL = PI − 9, and no studies we are aware of address the potential role of TK and CL. [12] [13] [14] [15] This might be a point of future research.
Our data also support that an excessive amount of sagittal balance correction can be a risk factor for PJK requiring revision surgery. Specifi cally, those in group S demonstrated SVA corrections close to 9 cm with surgery whereas those without PJK had SVA corrections closer to 4 cm ( Table 2 ) . Prior studies have supported ideal SVAs to be less than 5 cm but have not stratifi ed this between age groups. [12] [13] [14] [15] As our understanding of global sagittal balance improves, so too should our understanding that ideal SVA corrections might be tailored to individual patient factors such as age. Studies have demonstrated that SVA increases in patients with increasing age. [17] [18] [19] In these studies, normal asymptomatic adults and adolescents were compared showing that adults had on average a 2.5-cm statistically signifi cant increase in SVA compared with their younger counterparts. This natural increase in SVA may suggest that spinal reconstructions to restore an SVA to the "perfect" 0 cm may not be optimal for clinical outcomes. In our study, those who had corrections of their SVA to 4 cm immediately postoperatively either did not exhibit PJK or did not have PJK severe enough to necessitate revision surgery. On the contrary, those patients with an immediate postoperative SVA of less than 1 cm seen in group S, all had PJK requiring revision surgery. Obviously, there is sample bias here, so defi nitive conclusions in regard to this cannot be made, but it also may be a topic for future research. It is clear that PJK has a multifactorial etiology. Since being fi rst defi ned in 2005, there has also been a shift in the techniques used for treating spinal deformities as well as the thinking behind global sagittal alignment.
1 Specifi cally, instrumentation techniques have moved away from hooks and wires to pedicle screw constructs. In addition, there has been a focus on restoring sagittal balance infl uenced by the strong association between SVA, LL, and patient outcomes. For the prior, research presented at the Scoliosis Research Society Annual Meeting demonstrated that proximal instrumentation may affect the rates of PJK. Specifi cally, Hassanzadeh et al 20 demonstrated lower rates of PJK when hooks were used at the UIV when compared with pedicle screws. Our data suggest that bilateral hooks may prevent PJK, because group S had a high proportion of cases with bilateral pedicle screws at the UIV compared with group N ( Table 1 ) . It is possible that the high rate of PJK noted in studies is also related to instrumentation techniques and the approach to restoring LL to restore sagittal balance in the patient with deformity. However, this aim for "dialing" in LL to restore sagittal balance in older patients when their normal SVA may not necessarily be 0 and as our data demonstrated, it may be a risk factor leading to PJK requiring revision surgery. Interestingly, studies have consistently demonstrated that age is a risk factor for PJK; however, none have stratifi ed whether or not that is so when postoperative SVA in relation to age is considered. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In summary, excessive lordosis and large SVA corrections may lead to PJK, requiring revision surgery. Future studies should focus on whether maintaining LL = PI − 9 is a better goal than LL = PI ± 9. In addition, consideration of the relative SVA normative data based on age should be important in deciding how much SVA correction is performed for a given patient. Hopefully, considering these factors in addition to considerations in bone quality, attention to soft tissue integrity, instrumentation techniques, and location of the UIV will work in concert to minimize the occurrence of PJK.
➢ Key Points
Patients with PJK requiring revision were older and had higher postoperative LL and larger SVA corrections than patients without PJK. Patients with an SVA correction of 4 cm with surgery did not need revision surgery whereas those with PJK requiring revisions had SVA corrections of 8 cm. In adult scoliosis, older patients with large corrections in their LL and SVA were at high risk for developing PJK, requiring revision surgery.
